ABSTRACT A study was conducted to estimate the ileal digestibility of amino acids (AA) in 5 different samples of wheat distillers dried grains with solubles (DDGS) fed to broilers. Two hundred sixteen male Ross broiler chicks were fed a commercial starter diet from d 1 to 15 of age followed by the test diets from d 15 to 21. The 5 test diets consisted of a DDGS sample or wheat as the sole source of AA, dextrose, minerals, and vitamins. Chromic oxide (0.3%) was included in all diets as a digestibility marker. Each test diet was randomly assigned to 6 replicate cages, each with 6 birds. On d 21, birds were killed to sample ileal digesta for determining the apparent (AID) and standardized (SID) ileal AA digestibilities. The SID values were calculated using ileal endogenous AA losses previously determined in our laboratory. Among the indispensable AA in wheat DDGS, the lowest and highest AID average values were observed for Lys (35.6%) and Phe (79.2%), respectively. The most variable AID estimates of wheat DDGS samples were observed for Lys (24.4 to 45.7%), Thr (48.2 to 60.9%), and His (57.4 to 69.1%) as indispensable and Asp (32.5 to 50.9%), Gly (49.6 to 63.1%), and Ala (53.6 to 66.8%) as dispensable AA, respectively. Apparent ileal digestibility estimates of the wheat sample for Lys, Thr, His, Gly, and Ala were 77.5, 74, 83.6, 79.3, and 78.9%, respectively. All AA digestibility estimates for both AID and SID determined in wheat were higher than in wheat DDGS samples (P < 0.05). Considering both AID and SID coefficients of wheat DDGS samples, Lys was the least digestible AA, averaging 35.6 and 40.0%, respectively. Using SID values in practical diet formulation can increase accuracy, prevent overformulation of diets, and reduce cost of safety margins.
INTRODUCTION
There has been a marked increase in the availability of distillers dried grains with solubles (DDGS) in North America primarily from corn as the feedstock. Various studies have demonstrated that corn-derived DDGS can be used in broiler diets as a source of protein and other nutrients. For example, Runnels (1966 Runnels ( , 1968 reported a 20% incorporation of corn DDGS into corn-soybean-fish meal broiler diets with performance equal or superior to that of chicks fed diets with cornsoybean meal and fish meal. In another report, up to 25% DDGS was included in nutritionally adequate, isocaloric broiler diets without any reduction in BW or feed utilization (Waldroup et al., 1981) . Parsons et al. (1983) found that DDGS can replace up to 40% of soybean meal protein as long as Lys content was adjusted. More recently, Lumpkins et al. (2004) reported that corn DDGS from modern ethanol plants can be safely used at 6% in the starter period and 12 to 15% in the grower and finisher periods and that at higher inclusion levels, bird performance was reduced due to a Lys deficiency. Thacker and Widyaratne (2007) concluded that wheat-derived DDGS can be incorporated into diets at levels as high as 15% without detrimental effects on broiler performance as long as the low energy and Lys contents of DDGS are compensated for in diet formulation.
A major concern regarding the use of DDGS as a feedstuff is that it tends to be variable in terms of its nutritive quality depending on various factors including composition of the grain used, amount of solubles added back, and the drying technology used in its production (Martinez-Amezcua et al., 2007) . Thus, it is not only critical to evaluate the nutritive value of DDGS but also to understand the variability inherent in its quality.
In Western Canada, wheat is the preferred feedstock for ethanol production. Studies with swine have confirmed that the nutritive value of wheat-derived DDGS relative to wheat follows the same relationship established for corn and corn-derived DDGS (Salo, 1978; Nyachoti et al., 2005; Lan et al., 2008) . These studies have shown that the digestibilities of some amino acids (AA), especially Lys, are very low in wheat DDGS, a factor that will compromise its nutritive value for the nonruminant animal. Thus far, there has been no study on the ileal digestibility of AA in wheat-derived DDGS for poultry despite evidence that it can be included in broiler diets up to 15% without compromising performance as long as the low Lys and energy content is compensated for during diet formulation (Thacker and Widyaratne, 2007) . However, to effectively use wheat DDGS as a source of AA in broiler diets, it is critical that its digestible AA contents are determined in a study with broiler chicks as the experimental animal as has been suggested elsewhere (Ten Doeschate et al., 1993; Huang et al., 2005; Garcia et al., 2007) . Apparent ileal digestibility (AID) estimates ignore the contribution of endogenous AA losses to digesta, hence underestimating the digestibility of AA in a feedstuff. Accurate determination of AA digestibility in feed ingredients necessitates the consideration for AA of endogenous origin in the digesta. A correction of AID coefficients for obligatory basal endogenous AA losses results in digestibilities called standardized ileal digestibilities (SID). In addition to being a closer representative of true digestibility values, SID values are more additive in a mixture of feed ingredients (Stein et al., 2005 (Stein et al., , 2007 .
Thus, the objective of the present study was to determine the apparent and standardized ileal AA digestibilities in wheat DDGS for broilers. A sample of a hard red spring wheat (var. AC Barrie) was also evaluated for comparison purposes. The wheat was also evaluated in 6 independent assays to assess the repeatability of the ileal digestibility assay.
MATERIALS AND METHODS

Diets
The wheat DDGS samples assayed in the present study were obtained from Husky's Mohawk Ethanol plant at Minnedosa, Manitoba, Canada. Samples were collected from 5 different fermentation batches with different grain sources. A sample of hard red winter wheat (var. AC Barrie) was obtained from a local farm (James Farm, Manitoba, Canada) . In addition to this study, to measure the repeatability of ileal digestibility assays in our laboratory, the same wheat sample was also included as a reference ingredient in 5 other independent digestibility assays with the same inclusion level and study methods as in this study. Each test diet contained a wheat DDGS sample at 50% or wheat at 91.7% as the sole source of protein. The DDGS diets also contained 44% dextrose and all test diets were balanced for minerals and vitamins to meet NRC (1994) requirement specifications and contained chromic oxide (0.3%) as a digestibility marker.
Birds and Experimental Conduct
The experimental protocol (protocol F06-001) for the present study was reviewed and approved by the Animal Care Protocol Management and Review Committee of the University of Manitoba and birds were cared for according to the guidelines of the Canadian Council on Animal Care (CCAC, 1993) .
Two hundred sixteen 1-d-old male broiler chicks (Ross 308, Aviagen) were obtained from a local hatchery (Carlton Hatchery, Grunthal, Manitoba, Canada) and housed in battery brooders in a room with continuous fluorescent lighting. Room temperature was maintained at 32, 28, and 24°C during wk 1, 2, and 3, respectively. From d 1 to 14, birds were fed a commercial starter diet (FeedRite; a division of Ridley Inc., Winnipeg, Manitoba, Canada) in crumble form (2,713 kcal/kg of AME, 20.8% CP, 0.96% total Lys, 0.4% total Met, 0.8% TSAA, 0.53% available P, 0.97% Ca, and phytase at 500 phytase units/kg). On d 14, birds were weighed and distributed (6 birds/cage) into 36 cages with similar BW. Six replicate cages were randomly assigned to each of the 6 test diets and fed from d 15 to 21 of age. Birds had free access to feed and water throughout the study period. On d 21, birds were killed by cervical dislocation and the digesta samples from the ileum (from Meckel's diverticulum to a point 4 cm proximal to the ileocecal junction) were collected by gently squeezing the contents of the ileum into sample bags. Digesta from birds within a pen were pooled into 1 bag and frozen immediately after collection and subsequently freeze-dried. The dried ileal digesta were stored in airtight bags at −4°C until required for chemical analysis.
Chemical Analysis
Raw feed ingredients, test diets, and digesta samples were finely ground using a coffee grinder (CBG5 Smart Grind; Applica Consumer Products Inc., Shelton, CT). Dry matter was determined according to the method of AOAC (2000, procedure 934.01), and CP (N × 6.25) was determined using the Leco N analyzer (Model CNS-2000; Leco Corp., St. Joseph, MI). Amino acid concentrations of the diet and digesta were determined by Degussa AG (Hanau-Wolfgang, Germany). Dietary AA contents were determined by using ion-exchange chromatography with postcolumn derivatization with ninhydrin (Llames and Fontaine, 1994) . Sulfur AA (Met and Cys) were first oxidized with performic acid, which was subsequently neutralized with sodium metabisulfite (Commission Directive, 1998) . Amino acid concentrations were quantified with the internal stan-dard method by measuring the absorption of reaction products with ninhydrin at 570 nm. Chromium was analyzed, after the samples were ashed at 600°C for 12 h in a muffle furnace, using an inductively coupled plasma mass spectrometry (ICP-AES Vista; Varian, Palo Alto, CA) according to the method of AOAC (2005, procedure 985.01).
Digestibility Calculation
The AID coefficient of AA was calculated using the indigestible marker as follows:
where (AA/IM) d = ratio of AA to indigestible marker (IM) content in diet and (AA/IM) id = ratio of AA to IM content in ileal digesta. Basal endogenous loss estimates determined with an N-free diet were used for the correction of AID coefficients (Golian et al., 2008) . The standardized ileal AA digestibility coefficients were calculated as follows:
where IAA end = basal ileal endogenous AA loss. The endogenous ileal AA losses (mg/kg of DM intake) used to calculate the SID values were as follows: CP, 4, 365; Arg, 203; His, 91; Ile, 200; Leu, 298; Lys, 173; Met, 65; Phe, 420; Thr, 434; Trp, 71; Val, 270; Ala, 217; Asp, 430; Cys, 143; Glu, 492; Gly, 245; Pro, 289; and Ser, 343 .
Statistical Analysis
The data for digestibility estimates of wheat and wheat DDGS samples were analyzed using the GLM procedure of SAS Institute Inc. (SAS, 1990 ) as a completely randomized design. The nested procedure was applied to further analyze the random feed samples and birds-cage subsampling effects on the total variation observed. Tukey's test was used to separate means when a significant F-value was detected. For a better demonstration of variability, the components of total CV (%) associated with the AID and SID estimates for each AA across different wheat DDGS samples are included as variance due to the samples s s 2 ( ) and cages within samples s e 2 ( ) .
RESULTS AND DISCUSSION
To assess the repeatability of the broiler ileal digestibility assay and to evaluate the assay as used in our laboratory, ileal AA digestibilities in a sample of wheat were determined in a series of 6 independent assays as a reference ingredient. The total interassay CV ranged from 0.8 to 4.7% for Glu and Lys, respectively (Table  1) . No differences (P > 0.05) were detected in the AID of CP and all AA among assays. Further analysis of the CV into its components revealed a high contribution to the variation from within rather than between assays. These findings prove the reproducibility (precision) of the ileal AA digestibility assay used in our laboratory and confirm that the digestibility values obtained in different assays are comparable.
Crude protein and AA composition of the wheat and wheat DDGS samples are presented in Table 2 . The data show that the AA concentration in wheat DDGS is 2-to 3-folds higher than the content in the wheat sample, which is consistent with previous reports (NRC, 1994; Nyachoti et al., 2005; Thacker and Widyaratne, 2007; Lan et al., 2008) . Also, the AA profiles of the wheat and wheat DDGS samples tested were similar to those reported in previous studies (Thacker and Widyaratne, 2007; Lan et al., 2008 ) that evaluated wheat DDGS from the same ethanol plant as in the present study. In wheat DDGS samples, average Met (0.6%) and Lys (0.7%) contents relative to other AA were the lowest. In contrast, among other indispensible AA, Leu (2.6%) and Phe (1.8%) contents ranked as the highest in the samples tested. This trend of AA profile observed in the wheat DDGS samples compares well with that of wheat. The calculated CV for each AA determined in the wheat DDGS samples shows Lys as the most variable and Met as the least variable AA with a CV of 5.4 and 2.1%, respectively. The CP and AA composition of the test diets presented in Table 3 shows that the analyzed CP values in wheat DDGS diets were close to the calculated value of 20%.
A higher nutrient content in DDGS relative to the source cereal coupled with increasing availability of this co-product encourages its use at higher inclusion levels in poultry diets than has been the case in the past. Indeed, it has been shown that DDGS can be used successfully in broiler diets as a substitute for highly digestible and expensive feedstuffs without compromising growth performance (Parsons et al., 1983; Lumpkins et al., 2004; Thacker and Widyaratne, 2007) . However, these studies have also shown that to maintain bird performance, diet formulation to contain DDGS must be done carefully to take the lower energy and Lys content in DDGS into consideration (Waldroup et al., 1981; Parsons et al., 1983; Thacker and Widyaratne, 2007) .
The AID and SID of CP and AA in the wheat and wheat DDGS samples evaluated are presented in Tables 4 and 5, respectively. Overall average AID and SID estimates of AA determined in wheat were 84.3 and 88.9%, respectively. With a slight change in the ranking order, indispensible AA digestibility trend for both the AID and SID estimates, respectively, followed the same pattern with sulfur AA (89%, 92%) and Phe (89%, 99%) having the highest and Lys (77.5%, 82%), Arg (81%, 84%), and Thr (74%, 85%) representing the lowest digestible AA. These results are very similar to the AID values published previously (Ravindran et al., 1999 Huang et al., 2006) . Overall average AID and SID values in wheat DDGS were lower (P < 0.05) than in wheat, at 64.8 and 68.2% compared with 84.3 and 88.9%, respectively. Phenylalanine (79.2%, 86.4%), Met (73.7%, 75.7%), and Leu (73.7%, 75.6%) were the most digestible indispensible AA in both AID and (Nyachoti et al., 2005; Lan et al., 2008) and poultry (Thacker and Widyaratne, 2007) . This seems to be the case regard- a-c All means with different superscripts within the same row differ (P < 0.05). 1 A sample of a hard red winter wheat (var. AC Barrie) and 5 wheat DDGS samples were each fed to 6 replicate cages, each with 6 birds.
2 Overall average of 5 wheat DDGS digestibility coefficients. less of the methodology and the age of the animals used (Batal and Dale, 2006; Fastinger et al., 2006; Feine et al., 2006; Parsons et al., 2006) . Interestingly, with only slight differences, the AID values reported by Lan et al. (2008) for finishing pigs fed wheat DDGS and the values obtained in the present study are similar. Although there has been reports of almost the same large variation within a source and between different plants in corn DDGS (Spiehs et al., 2002; Feine et al., 2006) , the AID of AA determined among the wheat DDGS batches from the same source in the present study were not statistically different, except for Lys (P = 0.042). However, it should be noted that, for some AA, there were large numerical differences among the wheat DDGS tested and that under different experimental conditions, this could become significant. The CV and its components associated with the AID and SID estimates of CP and AA are presented in Table 6 . Among the indispensable AA across the diets, Lys, Thr, and His had the highest variability, whereas Phe, Leu, and Met had the lowest. Studying the variance components of the total CV showed that the variation observed among the different samples of wheat DDGS was more affected by within-rather than between-sample variations. This can partly be explained by the adverse effects of feeding a high level of wheat DDGS to the birds, which could result in higher within-sample variability.
It should be noted that AA profile, balance, and availability in a feedstuff are important factors determining its suitability as a protein source. Furthermore, a wide variability in AA profile of a processed feedstuff is not desirable for its routine use in commercial feed formulation. Because of the high temperatures [~315°C (600°F)] used in processing DDGS, the bioavailability of Lys and several other AA is often compromised (Warnick and Anderson, 1968; Lumpkins and Batal, 2005) . Thus, digestibility of Lys, which is often the second limiting AA in poultry diets, will be a major concern in the use of wheat DDGS.
Results of the present study show that among the indispensable AA, the AID and SID of Lys and Phe were the lowest and highest, respectively, and that values for Lys, Thr, and His were the most variable in wheat DDGS. The AID estimates of the wheat sample for Lys, Thr, His, Gly, and Ala were 77.5, 74, 83.6, 79.3, and 78 .9%, respectively. The AID and SID values for CP and AA in wheat were significantly higher than in wheat DDGS samples. Although there were considerable numerical differences in the AID and SID for some AA among the wheat DDGS samples from the same plant, these were not significant except for Lys.
